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8QLD[LDOWHQVLOHEHKDYLRURIDOLJQHGVWHHOILEUH
UHLQIRUFHGFHPHQWLWLRXVFRPSRVLWHV 
/RQJEDQJ4LQJD.HODL<XD5X0XD-RKQ3)RUWKE 
D6FKRRORI&LYLODQG7UDQVSRUWDWLRQ(QJLQHHULQJ+HEHL8QLYHUVLW\RI7HFKQRORJ\7LDQMLQ&KLQD 
E6FKRRORI&LYLO(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV8. 
$EVWUDFW %\ DSSO\LQJ DQ H[WHUQDO XQLIRUP PDJQHWLF ILHOG WR D IUHVK FHPHQW PL[WXUH GXULQJ FDVWLQJ DQ
DOLJQHGVWHHOILEUHUHLQIRUFHGFHPHQWLWLRXVFRPSRVLWHV$6)5&ZDVSUHSDUHG7KLVLQYHVWLJDWLRQFRPSDUHV
WKH SHUIRUPDQFH RI $6)5& ZLWK LWV FRXQWHUSDUW - RUGLQDU\ VWHHO ILEUH UHLQIRUFHG FHPHQWLWLRXV FRPSRVLWH
6)5&FRQWDLQLQJUDQGRPO\GLVWULEXWHGVWHHOILEUHV)LUVWWKHRULHQWDWLRQRIWKHVWHHOILEUHVLQ$6)5&DQG
6)5&VSHFLPHQVZDV H[DPLQHGXVLQJ ;-UD\ FRPSXWHG WRPRJUDSK\DQDO\VLV WKLV FRQILUPHG WKDW WKH VWHHO
ILEUHV ZHUH HIIHFWLYHO\ DOLJQHG LQ WKH $6)5& 7KHQ XQLD[LDO WHQVLOH WHVWV ZHUH SHUIRUPHG WR DOORZ D
FRPSDULVRQ RI WKH XQLD[LDO WHQVLOH VWUHVV-VWUDLQ FXUYHV RI WKH $6)5& DQG 6)5& DQG WR GHWHUPLQH WKH
DGYDQWDJHVLIDQ\RI$6)5&RYHU6)5&LQWHUPVRIXQLD[LDOWHQVLOHVWUHQJWKI8WXXOWLPDWHVWUDLQH8WXDQG
HQHUJ\GLVVLSDWLRQ*I-$7KHXQLD[LDOWHQVLOHWHVWUHVXOWVZHUHDOVRXVHGWRVKRZWKDWLIWKHWHQVLOHVWUHQJWK
RI$6)5&LVHTXDOWRWKDWRI6)5&DFWXDOO\VOLJKWO\H[FHHGLQJXVLQJWKHDOLJQHGVWHHOILEUHWHFKQRORJ\WKH
GRVDJHRIVWHHOILEUHVFDQEHUHGXFHGDWOHDVW,WZDVDOVRIRXQGWKDW WKHDOLJQPHQWRI WKHVWHHO ILEUHV
DIIHFWVWKHVWUDLQ-KDUGHQLQJDQGPXOWLSOHFUDFNLQJEHKDYLRURIWKHFRPSRVLWHVGXULQJXQLD[LDOWHQVLRQWHVWLQJ
)LQDOO\ WKH PXOWLSOH FUDFNLQJ EHKDYLRU RI WKH FRPSRVLWHV ZDV DQDO\]HG XVLQJ D GLJLWDO LPDJH FRUUHODWLRQ
PHWKRG7KHVHUHVXOWVVKRZWKDW$6)5&H[KLELWVDPXOWLSOHFUDFNLQJSDWWHUQDWDPXFKORZHUILEUHFRQWHQW
FRPSDUHGWR6)5& 
.H\ZRUGV 6WHHO ILEUH UHLQIRUFHGFHPHQWLWLRXV FRPSRVLWHV $OLJQHG VWHHO ILEUH 8QLD[LDO WHQVLOH VWUHQJWK
6WUDLQ-KDUGHQLQJ0XOWLSOHFUDFNLQJ 
                                                        
&RUUHVSRQGLQJDXWKRU7HO 
(-PDLODGGUHVVHVUXBPX#KRWPDLOFRP 
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1. ,QWURGXFWLRQ 
%\ LQFRUSRUDWLQJ VWHHO ILEUHV LQWR WKH FHPHQW PRUWDU PDWUL[ WKH WHQVLOH VWUHQJWK FUDFNLQJ UHVLVWDQFH
LPSDFW DQG IDWLJXH UHVLVWDQFH RI FHPHQWLWLRXV FRPSRVLWHV FDQ EH HIIHFWLYHO\ HQKDQFHG >-@ +HQFH VWHHO
ILEUHV DUH XVXDOO\ DGGHG LQWR FRQFUHWH WR LPSURYH LWV GXFWLOH EHKDYLRU +RZHYHU LQ UHFHQW \HDUV PRVW
H[SHULPHQWDOVWXGLHV >-@ IRFXVVHGRQ6)5&ZLWK UDQGRPO\GLVSHUVHGILEUHV DQG WKH WKHRUHWLFDOYDOXHRI
ILEUHRULHQWDWLRQQXPEHUIRUGLVSHUVHGVWHHOILEUHVLQDQRUGLQDU\6)5&VSHFLPHQLV>@$VLQ VRPH
VWUXFWXUDO HOHPHQWV EHDP VODE WXQQHO VHJPHQW HWF LQ VHUYLFH WKH GLUHFWLRQ RI WKH SULQFLSDO VWUHVV LV
FRQVWDQWWKHRULHQWDWLRQRIPRVWVWHHOILEUHVLVWKHUHIRUHQRWFRQVLVWHQWZLWKWKHGLUHFWLRQRIWKHWHQVLOHVWUHVV
GXULQJ WKH ORDGLQJ SURFHVV DQG RQO\ D SDUW RI WKH ILEUHV DFW HIIHFWLYHO\ DV UHLQIRUFHPHQW ,W KDV EHHQ
GHPRQVWUDWHG WKDW WKHRULHQWDWLRQDQGGLVWULEXWLRQRI ILEUHVKDYH D VLJQLILFDQW LQIOXHQFHRQ WKHPHFKDQLFDO
EHKDYLRURI6)5&>-@2EYLRXVO\LIWKHRULHQWDWLRQRIVWHHOILEUHVFDQEHDOLJQHGZLWKWKHGLUHFWLRQRI
WKHSULQFLSDOWHQVLOHVWUHVVRIWKHVWUXFWXUDOPHPEHUVWKHWHQVLOHEHKDYLRUDQGGXFWLOLW\RIWKH6)5&VWUXFWXUDO
PHPEHUVZLOOEHLPSURYHGVLJQLILFDQWO\ 
6HYHUDOPHWKRGVKDYHEHHQUHSRUWHGWRFRQWUROWKHRULHQWDWLRQRIVWHHOILEUHVLQFHPHQWLWLRXVFRPSRVLWHV
$FHQWULIXJDOFDVWLQJ WHFKQRORJ\KDVEHHQXVHG WRSUHSDUHDOLJQHGVWHHO ILEUH UHLQIRUFHGFRQFUHWHSROHVE\
5RWRQGRHWDO>@$VSHFLDOPDFKLQHZDVXVHGWRVSUD\VWHHOILEUHVVRWKDWWKHVWHHOILEUHVZHUHDOLJQHGWR
WKHVSHFLILFD[LVGLUHFWLRQRI WKHVWUXFWXUDOHOHPHQW>@%\SRXULQJIUHVKVHOI-FRPSDFWLQJFRQFUHWHPL[HG
ZLWK VWHHO ILEUHV WKURXJK D FKXWH >@ RU D 8-VKDSH FKDQQHO > @ WKH VWHHO ILEUHV WHQG WR EH RULHQWHG
SDUDOOHO WR WKHIORZGLUHFWLRQRI WKHPDWUL[6SHFLPHQVZLWKGLIIHUHQW ILEUHRULHQWDWLRQVFDQEHREWDLQHGE\
FXWWLQJWKHPDWUL[LQGLIIHUHQWGLUHFWLRQVHJGLUHFWLRQWKDWLVSDUDOOHORUSHUSHQGLFXODUWRWKHFRQFUHWHIORZ
GLUHFWLRQ'XTXHHWDO>@DQG$EULVKDPEDIHWDO>@DVVHVVHGWKHLQIOXHQFHRIILEUHRULHQWDWLRQRQWKH
SRVW-FUDFNLQJEHKDYLRUIRUVWHHOILEUHUHLQIRUFHGVHOI-FRPSDFWLQJFRQFUHWHSDQHOV6)56&&$8-VKDSHLURQ
FRUHDURXQGDFRSSHUZLUHFRLOZDVXVHGWRDOLJQILEUHVZKLOHFDVWLQJXOWUD-KLJKSHUIRUPDQFHILEUHUHLQIRUFHG
FHPHQWLWLRXVFRPSRVLWHV8+3)5&VSHFLPHQVE\1XQHVHWDO>@WKHDGYDQWDJHRIWKLVVHWXSLVWKDW
WKHVSHFLPHQVFDQEHSUHSDUHGZLWKRXWWKHLQIOXHQFHRIWKHHOHPHQWVKDSH>-@5HFHQWO\$EULVKDPEDIHW
3 
 
DO>@XVHGDVLPLODUGHYLFH>@WRSUHSDUH8+3)5&VSHFLPHQVDQGWKHXQLD[LDOWHQVLOHWHVWZDVXVHG
WR VWXG\ WKH LQIOXHQFH RI ILEUH RULHQWDWLRQ RQ WKH WHQVLOH EHKDYLRU RI 8+3)5& %RWK WKH VWUDLJKW VPRRWK
ILEUHVDQGWKHKRRNHG-HQGILEUHVZHUHDOLJQHGE\SODFLQJWKHVDPSOHLQDQHOHFWURPDJQHWLFILHOGIRUPHGE\D
VSLUDO FRLO WKH RULHQWDWLRQ RI ILEUHV ZDV UHYHDOHG E\ ;-UD\ LPDJHV >@ 7KH GHIOHFWLRQ RI VSHFLPHQV LQ
EHQGLQJZDVGHWHFWHGXVLQJDGLJLWDOLPDJHFRUUHODWLRQ',&PHWKRGDVSURSRVHGE\0LFKHOVHWDO>@ZKR
DOVRVWXGLHGWKHHIIHFWRIILEUHRULHQWDWLRQRQWKHIOH[XUDOEHKDYLRU/LNHZLVH0XHWDO>@DQG:LMIIHOV
HWDO>@DQDO\]HGWKHHIIHFWVRIWKHPDJQHWLFILHOGGLVWULEXWLRQDQGWKHWLPHRIPDJQHWL]DWLRQRQWKHILEUH
DOLJQPHQWEDVHGRQ WKHSULQFLSOHVRIHOHFWURPDJQHWLFV UHVSHFWLYHO\7KH$6)5&VSHFLPHQVZHUHSUHSDUHG
E\DXQLIRUPPDJQHWLFILHOGZKLFKZDVIRUPHGXVLQJHQHUJL]HGFRLOVGXULQJFDVWLQJ>@7KH;-UD\&7
UHVXOWVRI$6)5&VSHFLPHQVVKRZHGWKDWWKHILEUHRULHQWDWLRQQXPEHUFDQH[FHHGZF >@DQG
WKHUHVXOWVRIVSOLWWLQJIOH[XUDODQGVKHDUVWUHQJWKWHVWV>@VKRZHGWKDWWKHPHFKDQLFDOSHUIRUPDQFHRI
$6)5&VSHFLPHQVZDVHYLGHQWO\VXSHULRU WR6)5&VSHFLPHQV WKHUHLQIRUFHPHQWHIILFLHQF\RIVWHHO ILEUHV
ZDVVLJQLILFDQWO\LPSURYHGE\DOLJQLQJILEUHVXWLOL]LQJDPDJQHWLFILHOG 
7KHFUDFNLQJUHVLVWDQFHRI6)5&KDVDQLPSRUWDQWLQIOXHQFHRQLWVSUDFWLFDODSSOLFDWLRQLQHQJLQHHULQJ
DQGWHQVLOHVWUHQJWKLVRIWHQXVHGIRUHYDOXDWLQJFUDFNV LQVWUXFWXUDOPHPEHUV$XQLD[LDOWHQVLOH WHVW LV WKH
PRVW UHOLDEOH DQG GLUHFW PHWKRG WR REWDLQ WHQVLOH VWUHQJWK DQG WR VWXG\ WKH FUDFNLQJ EHKDYLRU RI 6)5&
0RUHRYHU FRPSDUHG WR WKH VSOLWWLQJ DQG IOH[XUDO WHVWV WKH XQLD[LDO WHQVLOH WHVW ZDV XVHG WR DVVHVV WKH
QRQOLQHDU ILEUH-PDWUL[ LQWHUIDFLDO UHVSRQVHRQ WKHSRVW-SHDNGXFWLOHEHKDYLRURI635&>@7KHUHIRUH WKH
XQLD[LDO WHQVLOH WHVW ZDV DSSOLHG WR HIIHFWLYHO\ VWXG\ WKH WHQVLOH EHKDYLRURI $6)5& DQG FRQWULEXWH WR LWV
SUDFWLFDODSSOLFDWLRQ 
The fibre volume fraction (Vf) and matrix strength have a remarkable effect on the mechanical behavior 
of the SFRC specimens. With the increase of fibre content or matrix strength, tensile strength and toughness 
can be significantly improved [28-30], the multiple cracking and strain-hardening behavior in the 
post-cracking stage under uniaxial tension [31-36] can be observed. In addition, the orientation of fibres also 
affects mechanical properties, multiple cracking and strain-hardening were obtained with specimens with 
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sectional dimensions of 30mmh40mm using a griping system [22], and the test results showed that the 
tensile strength and post-peak toughness can be significantly enhanced by aligning the fibres.+RZHYHUWKH
HIIHFWVRI ILEUH FRQWHQW 9I DQGZDWHU WR FHPHQW UDWLR ZF RQ WKH WHQVLOHEHKDYLRURI$6)5&VSHFLPHQV
ZHUH QRW FOHDU )XUWKHUPRUH WKH VWUDLQ-KDUGHQLQJ FKDUDFWHULVWLFV DQG WKH HYROXWLRQ RI IUDFWXUH IRU $6)5&
VSHFLPHQVXQGHUXQLD[LDOWHQVLRQDVZHOODVDIIHFWLQJRWKHUIDFWRUVDUHQRWFODULILHG*HQHUDOO\WKHRULHQWDWLRQ
RIILEUHVZLOOEHJUHDWO\DIIHFWHGE\ERXQGDU\HIIHFWV>@LIWKHVL]HRIVSHFLPHQLVUHODWLYHO\VPDOODQG
WKHWHQVLOHVWUHQJWKREWDLQHGRIWHQRYHUHVWLPDWHGLVQRWFRPSDUDEOHZLWKWKHEHKDYLRURIWKHVWUXFWXUH6R
WR IDFLOLWDWH WKH HQJLQHHULQJ DSSOLFDWLRQ RI $6)5& XQLD[LDO WHQVLOH WHVWV VKRXOG EH FDUULHG RXW ZLWK
VSHFLPHQVKDYLQJUHODWLYHO\ODUJHUGLPHQVLRQV 
7KH DLP RI WKLV LQYHVWLJDWLRQ LV WR VWXG\ WKH HIIHFW RI ILEUH RULHQWDWLRQ RQ WKH VWUDLQ-KDUGHQLQJ DQG
PXOWLSOH FUDFNLQJ EHKDYLRU RI VWHHO ILEUH UHLQIRUFHG FHPHQWLWLRXV FRPSRVLWHV LQRUGHU WR EHWWHU H[SORLW WKH
KLJK SHUIRUPDQFH RI FHPHQWLWLRXV FRPSRVLWH PDWHULDOV 3ULVPDWLF VSHFLPHQV ZHUH SUHSDUHG DQG WKHQ
XQLD[LDO WHQVLOH WHVWV ZHUH FDUULHG RXW ZLWK 6)5& DQG $6)5& VSHFLPHQV ZLWK GLIIHUHQW ILEUH YROXPH
IUDFWLRQV DQG PDWUL[ VWUHQJWKV 6XEVHTXHQWO\ WKH LQIOXHQFH RI ILEUH RULHQWDWLRQ RQ WKH VWUDLQ-KDUGHQLQJ
EHKDYLRUDQGIUDFWXUHSURSHUWLHVRIVXFKFRPSRVLWHVZDVVWXGLHG8QGHUXQLD[LDOWHQVLOHORDGVWKHHYROXWLRQ
RIIUDFWXUHIRU$6)5&VSHFLPHQVZDVUHYHDOHGXVLQJWKH',&PHWKRG  
2. ([SHULPHQWDOSURJUDPPH 
2.1. 7HVWVHW-XS 
8QLD[LDOWHQVLOHWHVWVZHUHFDUULHGRXWXVLQJDVHUYR-K\GUDXOLFFORVHGORRSWHVWLQJPDFKLQHZLWKDWHQVLOH
FDSDFLW\ RIN1 DV VKRZQ LQ )LJXUH  WKH DFWXDO ORDGLQJ FRQILJXUDWLRQFDQ EH VHHQ LQ )LJ 6 LQ WKH
6XSSOHPHQWDU\0DWHULDO7RORDGWKHVSHFLPHQDVWHHOSODWHZLWKDVSKHULFDOKLQJHZDVILUVWJOXHGWRHDFK
HQGRI WKHVSHFLPHQXVLQJHSR[\ UHVLQ the curing cycle of the epoxy resin is a bit longer than 24 h WKH
VSHFLPHQZDVWKHQFRQQHFWHGWRWKHORDGLQJPDFKLQHYLDWKHVSKHULFDOKLQJH-WKLVHIIHFWLYHO\HOLPLQDWHGDQ\
DSSOLHG ORDGHFFHQWULFLW\ VLPLODU WR WKH WHVW VHW-XSRI'LQJHWDO >@ ,QRUGHU WR IXUWKHU HQVXUH WKDW WKH
DSSOLFDWLRQRI WKH ORDGZDV FRQFHQWULF WKHHQGVRI WKH VSHFLPHQVZHUH VTXDUHGRIIEHIRUH WKH VWHHOSODWHV
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ZHUH DWWDFKHG 7ZR OLQHDU YDULDEOH GLIIHUHQWLDO WUDQVIRUPHUV /9'7V ZHUH IL[HG RQ VKRUW ZRRGHQ VWULSV
ZKLFK ZHUH LQVWDOOHG DW WKH WZR RSSRVLWH VLGH VXUIDFHV RI WKH VSHFLPHQ WKH /9'7V FDQ PHDVXUH WKH
elongationRIWKHVSHFLPHQDVVKRZQLQ)LJ7KH',&V\VWHPZDVDOVRLQVWDOOHGWRWHVWIXOOILHOGVWUDLQ
ZKLFKFDQEHXVHG WR LGHQWLI\ WKH LQLWLDO FUDFNLQJDQG WKHSURJUHVVLYH FUDFNLQJSURFHVVXQWLO WKHFRPSOHWH
IDLOXUHRIDVSHFLPHQXQGHUXQLD[LDOWHQVLRQ$VLWLVDQRQ-FRQWDFWWHVWZLWKIXOOILHOGPHDVXUHPHQWWKH',&
V\VWHPFDQSUHFLVHO\PRQLWRUWKHGHYHORSPHQWRIFUDFNV>@7KHORDGLQJSURFHGXUHFRQVLVWHGRIWZRVWDJHV
WKHILUVWVWDJHZDVVWUHVVFRQWUROOHG-WKHORDGLQJUDWHZDV03DPLQDQGWKHORDGZDVLQFUHDVHGWRDERXW
RI3PD[SHDNORDGDQGWKLVZDVIROORZHGE\WKHVHFRQGVWDJHZKLFKZDVGLVSODFHPHQWFRQWUROOHG-KHUHWKH
ORDGLQJUDWHZDVPPPLQ7he specimens were tested 28 days after casting. 
 
)LJ([SHULPHQWDOGHYLFHIRUWKH',&DQGXQLD[LDOWHQVLOHV\VWHP 
2.2. 0L[HVDQGVSHFLPHQSUHSDUDWLRQ 
6HYHUDOJURXSVRISULVPVSHFLPHQVZLWKGLPHQVLRQVRI100 mm×100 mm×400mm were cast. The ends 
of the specimen were ground parallel with a machine such that the actual height of the specimens was 
300mm after cutting. Straight smooth steel fibres with a diameter of 0.50mm and a length of 30mm were 
used in the mortar matrix. The Ordinary Portland Cement (OPC) of grade P.O 42.5  and silica sand ZLWKD
ILQHQHVVPRGXOXVRIZHUHXVHGWRSUHSDUHWKHPRUWDULQYHVWLJDWHGLQWKLVVWXG\,QRUGHUWRIDFLOLWDWHWKH
DOLJQPHQWRIWKHVWHHOILEUHVWKHFRDUVHDJJUHJDWHVZHUHH[FOXGHGDQGSRO\FDUER[\ODWHVXSHUSODVWLFL]HUZDV
DGGHG WR WKH ZDWHU WR HQVXUH WKDW WKH PRUWDU KDG VXIILFLHQW IOXLGLW\ DQG DQ H[FHOOHQW ZRUNDELOLW\ 7KH
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SURFHGXUHIRUPL[LQJGLIIHUHQWPRUWDUPL[HVDQGWKHdetails of preparing ASFRCZHUHSUHYLRXVO\GHVFULEHGLQ
DSXEOLFDWLRQ >@During the preparation of ASFRC specimens, the steel fibres and fresh mortar were mixed 
evenly and poured into plastic moulds, which were placed on the vibrating table with a uniform magnetic field 
device (basically, it is a square solenoid coil looped around a hollow chamber, which creates a uniform 
magnetic chamber in which the ASFRC specimens were placed). During vibration, steel fibres in the fresh 
mixture rotated in the direction of the magnetic field produced by the electromagnetic field.In this study,6)5&
VSHFLPHQV 9I   ZLWK D ZDWHU WR FHPHQW UDWLR RI   DQG  ZHUH SUHSDUHG VL[ W\SHV RI
PL[WXUHVDUHSUHVHQWHGLQ7DEOHWhree specimens for each mix proportion were cast.  
7DEOH0L[SURSRUWLRQRIFHPHQWPRUWDUV  
0L[QXPEHU :DWHUWRFHPHQWUDWLRZF 
)LEUHYROXPH
IUDFWLRQV9I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6DQG 
NJP 
Superplasticizer 
NJP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 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  
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    
        
        
        
        
3. 2ULHQWDWLRQRIDOLJQHGILEUHVLQ$6)5&DQG6)5& 
7KHRULHQWDWLRQRIWKHVWHHOILEUHVLQWKHPRUWDUVDPSOHVZDVILUVWYLVXDOO\LQYHVWLJDWHGE\H[DPLQLQJWKH
FUDFNHGVHFWLRQRI WKHVSHFLPHQVDIWHU WKH WHQVLOHWHVWV WKH IDLOHGVSHFLPHQVDUHVKRZQLQ)LJXUH6LQ WKH
6XSSOHPHQWDU\0DWHULDO$VH[SHFWHGLWFDQEHLGHQWLILHGIURPWKHFUDFNHG$6)5&VSHFLPHQVWKDWPRVWRI
WKHVWHHOILEUHVZHUHRULHQWHGSDUDOOHOWRWKHGLUHFWLRQRIWKHSULQFLSDOVWUHVV$OVRQRWHWKDWPRUHVWHHOILEUHV
FURVVWKHFUDFNHGVHFWLRQRI$6)5&VSHFLPHQVFRPSDUHGWR6)5&VSHFLPHQVWKHDYHUDJHQXPEHURIILEUHV
RI$6)5&VSHFLPHQV1I-$ZLWK9I=0.8DQGZDVDQGUHVSHFWLYHO\WKHDYHUDJH
QXPEHU RI ILEUHV RI 6)5& VSHFLPHQV 1I-5 ZLWK 9I =0.8  DQG  ZDV   DQG 
UHVSHFWLYHO\. The orientation of the steel fibres in the specimens can also be directly observed once the 
failed specimens were separated into their two parts, DV VKRZQ LQ )LJXUH  7KH VWHHO ILEUHV ZLWKLQ WKH
FUDFNHG VHFWLRQ RI WKH $6)5& VSHFLPHQ DUH HIIHFWLYHO\ DOLJQHG SDUDOOHO WR WKH GLUHFWLRQ RI WKH SULQFLSDO
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WHQVLOH VWUHVV ZKLOVW WKRVH LQ WKH FURVV VHFWLRQ RI WKH 6)5& VSHFLPHQ ZHUH UDQGRPO\ RULHQWHG %HVLGHV
YLVXDOO\FRPSDULQJWKHGLIIHUHQFHVLQRULHQWDWLRQRIVWHHOILEUHVLQWKH$6)5&DQG6)5&VSHFLPHQV;-UD\
&7WHVWVZHUHDOVRSHUIRUPHG7KH;-UD\&7WHVWLVQRQ-GHVWUXFWLYHDQGDWKUHH-GLPHQVLRQDODVVHVVPHQWWKH
ILEUH RULHQWDWLRQ QXPEHU FDQ EH GHWHUPLQHG IURP WKH ;-UD\ &7 DQDO\VLV DV GHVFULEHG E\ 0X HW DO >@
)LJXUHVKRZV W\SLFDO;-UD\&7UHVXOWVRIWKH$6)5&DQG6)5&VSHFLPHQV7KHRULHQWDWLRQQXPEHUVRI
$6)5& VSHFLPHQV 9I =2.0 ZLWK ZF   DQG  ZHUH   DQG  UHVSHFWLYHO\ 7KH
RULHQWDWLRQQXPEHUVRI6)5&VSHFLPHQV9I=2.0ZLWKZF DQGZHUHDQG
UHVSHFWLYHO\7KHRULHQWDWLRQQXPEHUVRI$6)5&DQG6)5&VSHFLPHQVZF ZLWK9I=0.8 ZHUH
DQGUHVSHFWLYHO\ZLWKDILEUHGRVDJHRI9I=WKH\ZHUHDQGUHVSHFWLYHO\7KHUHIRUHWKH
ILEUH RULHQWDWLRQ QXPEHU ZDV DERXW  LQ WKH $6)5& VSHFLPHQ ZKLOH LW ZDV DERXW  LQ WKH 6)5&
VSHFLPHQ  
 
)LJ)DLOHGFURVVVHFWLRQVRIVSHFLPHQVZLWKZF DQG9I  
 
)LJ2ULHQWDWLRQRIILEUHVLQVSHFLPHQVGHWHUPLQHGE\;-UD\&7VFDQQLQJ  
4. 5HVXOWV 
7KHHIIHFWVRIILEUHRULHQWDWLRQRQ WKHXQLD[LDO WHQVLOHVWUHVV-VWUDLQFXUYHV WHQVLOHSDUDPHWHUV
SFRC ASFRC
SFRC ASFRC
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DQG PXOWLSOH FUDFNLQJ EHKDYLRU ZHUH TXDQWLWDWLYHO\ DQDO\]HG IRU WKH H[SHULPHQWDO WHVW UHVXOWV RI
6)5&DQG$6)5&  
4.1. 7KHHIIHFWRIILEUHRULHQWDWLRQRQWKHXQLD[LDOWHQVLOHVWUHVV-VWUDLQUHODWLRQVKLS 
7KHWHQVLOHVWUHVV-VWUDLQFXUYHVRI$6)5&DUHVLJQLILFDQWO\KLJKHUWKDQWKDWRIRUGLQDU\6)5&DVVKRZQ
LQ)LJ the segment from the end of the elastic part to the peak load point of the curve is defined as the 
hardening branch, and that after the peak load point is defined as the softening branch7KLVVXJJHVWVWKDWWKH
$6)5& FRPSRVLWH LV DQ LPSURYHPHQW RYHU WKH WUDGLWLRQDO 6)5& FRPSRVLWH FHUWDLQO\ LQ WHUPV RI WHQVLOH
EHKDYLRUDQGGXFWLOLW\$OWKRXJKWKHWHQVLOHVWUHQJWKLV LPSURYHGWKHKDUGHQLQJSKDVHLVQRWSURQRXQFHGLI
WKH PDWUL[ VWUHQJWK LV UHODWLYHO\ VPDOO DV VKRZQ LQ )LJ D ZKLOH WKH WHQVLOH VWUHQJWK DQG GXFWLOLW\ RI
$6)5&VSHFLPHQZLWKZF DQGVLJQLILFDQWO\H[FHHGWKRVHRI6)5&DVVKRZQLQ)LJVEDQG
F7KHPDWUL[KDVQRWFUDFNHGLQWKHLQLWLDOVWDJHRIWHQVLRQHODVWLFVWDJHWKHHIIHFWRIWKHILEUHRULHQWDWLRQ
DW WKLV VWDJH WKHUHIRUH LV VPDOO VHH)LJ DOWKRXJKDV H[SHFWHG WKH6)5&VSHFLPHQV FUDFNHGDW D ORZHU
VWUHVVWKDQWKH$6)5&VSHFLPHQV$IWHUPDWUL[FUDFNLQJWKHVWUHVV-VWUDLQFXUYHVRI$6)5&VSHFLPHQVDUH
FKDUDFWHUL]HGE\DORQJHUKDUGHQLQJEUDQFKXQGHUXQLD[LDOWHQVLRQHVSHFLDOO\ZLWKDKLJKHUPDWUL[VWUHQJWK
DVVKRZQLQ)LJXUHVEDQGF1RUPDOO\WKUHHPDLQSKDVHVFDQEHLGHQWLILHGLQWKHVWUHVV-VWUDLQFXUYHV
HODVWLF KDUGHQLQJ DQG VRIWHQLQJ $ QHZ FHPHQWLWLRXV FRPSRVLWH ZLWK D KLJKHU WHQVLOH SHUIRUPDQFH DQG
GXFWLOLW\FDQEHGHVLJQHGWKURXJKWKHDOLJQPHQWRIWKHVWHHOILEUHVE\XVLQJDPDJQHWLFILHOG 
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(c) 
)LJ8QLD[LDOWHQVLOHVWUHVV-VWUDLQFXUYHVRI$6)5&VSHFLPHQVZLWK9I DZF EZF FZF  
7KH WHQVLOH VWUHQJWK I8WX DQG XOWLPDWH VWUDLQ H8WX FRUUHVSRQGLQJ WR WKH WHQVLOH VWUHQJWK I8WX ZHUH
VLJQLILFDQWO\ HQKDQFHG E\ WKH DOLJQPHQW RI WKH VWHHO ILEUHV 7KH XQLD[LDO WHQVLOH UHVXOWV IRU HDFK VHULHV RI
6)5&DQG$6)5&VSHFLPHQVDUHJLYHQLQ7DEOHWKH³$6)5&-´GHQRWHVWKH1R$6)5&VSHFLPHQ
ZLWK9I ZKHUHLWFDQFOHDUO\EHVHHQWKDWDWLQFUHDVLQJPDWUL[VWUHQJWKWKHLPSURYHPHQWRII8WXIRUWKH
$6)5& VSHFLPHQV LV KLJKHU WKDQ WKDW RI WKH 6)5& VSHFLPHQV &RPSDUHG ZLWK WKH 6)5& VSHFLPHQV WKH
DYHUDJH WHQVLOHVWUHQJWKRI$6)5&VSHFLPHQV LQFUHDVHVE\DQGFRUUHVSRQGLQJ WR
ZF-UDWLRV RI   DQG  UHVSHFWLYHO\ 2EYLRXVO\ ZLWK WKH LQFUHDVH LQ PDWUL[ VWUHQJWK WKH
UHLQIRUFHPHQWHIILFLHQF\RIILEUHVZLWKUHJDUGWRI8WXEHFRPHVKLJKHU7KLVFKDUDFWHULVWLFLVGXHWRIDFWWKDWWKH
HQKDQFHPHQW RI WKH VWHHO ILEUHV KLJKO\ GHSHQGV RQ WKH PHFKDQLFDO LQWHUDFWLRQ RI WKH ERQG IULFWLRQ DQG
PHFKDQLFDOLQWHUORFNLQJEHWZHHQWKHILEUHDQGPDWUL[>@WKHERQGEHWZHHQILEUHVDQGPDWUL[LQFUHDVHVDW
LQFUHDVLQJVWUHQJWKRIWKHPDWUL[$VGHVFULEHGLQ6HFWLRQWKHFKDQJHLQWKHRULHQWDWLRQRIVWHHOILEHUVFDXVHV
WKHGLIIHUHQFH LQ WKHQXPEHURI ILEHUV LQ WKHGLIIHUHQWVHFWLRQVPRUHVWHHO ILEUHVFURVVHG WKHFUDFNHGVHFWLRQRI
$6)5&VSHFLPHQVFRPSDUHGWR6)5&VSHFLPHQV,QDGGLWLRQWKHorientation of fibres influences the damage 
of the matrix. As shown in Figure 5 and based on acoustic emission signal analysis [40], the matrix of SFRC 
specimens with random fibres is damaged more severely than that of ASFRC specimens. 7KHWRWDOUHVLVWDQFH
IRUFH LVJUHDWHULQWKH$6)5&VSHFLPHQFRPSDUHGWR6)5&VSHFLPHQVZLWKWKHVDPHILEUHYROXPHIUDFWLRQ 
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7DEOH8QLD[LDOWHQVLOHUHVXOWVRI6)5&DQG$6)5&VSHFLPHQVZLWK9I  
Test results of ASFRC  Test results of SFRC 
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0HDQYDOXH   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1RWH³´UHSUHVHQWVIDLOHGVSHFLPHQ 
  
)LJ&KDQJHLQWKHHPEHGGHGOHQJWKRIDVWHHOILEHULQ6)5&DQG$6)5&>@ 
7KH UHLQIRUFHPHQW GXH WR WKH DFWLRQ RI WKH VWHHO ILEUHV RQ WKH WRXJKQHVV EHKDYLRU FDQ EHGHWHUPLQHG
IURP WKH XOWLPDWH VWUDLQ H8WX $V VKRZQ LQ 7DEOH  WKH PHDQ YDOXHV RI H8WX ZHUH VLPLODU IRU WKH 6)5&
VSHFLPHQVZLWKGLIIHUHQWZF-UDWLRV+RZHYHUH8WXRIWKH$6)5&VSHFLPHQVYDULHGJUHDWO\IRUWKHGLIIHUHQW
ZF-UDWLRV FRPSDUHG WR WKH 6)5& VSHFLPHQV 7KH LQFUHDVH LQ H8WX IRU WKH $6)5& VSHFLPHQV LV PRUH
SURQRXQFHGFRPSDUHGWRWKHPDWUL[VWUHQJWKLQFUHDVH'XHWRWKHDOLJQPHQWRIWKHVWHHOILEUHVWKHWRXJKQHVV
RIWKHFRPSRVLWHVZDVVLJQLILFDQWO\HQKDQFHGVWUDLQ-KDUGHQLQJRFFXUUHG. 
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4.2. 7KHHIIHFWVRIILEUHRULHQWDWLRQRQWKHIUDFWXUHSURSHUWLHV 
4.2.1. (QHUJ\GLVVLSDWLRQ 
,PSURYLQJ HQHUJ\ GLVVLSDWLRQ LH LPSDFW UHVLVWDQFH DQG GXFWLOLW\ LV DQ LPSRUWDQW DVSHFW IRU WKH
EHKDYLRU RI D VWUXFWXUH >-@ 6WUDLQ-KDUGHQLQJ DQG VWUDLQ-VRIWHQLQJ EHKDYLRUV DUH FKDUDFWHUL]HG E\ WKH
HQHUJ\ GLVVLSDWHG SHU XQLW YROXPH JI-9 LQ WKH VWDJH RI VWUDLQ-KDUGHQLQJ DQG HQHUJ\ GLVVLSDWHG SHU FUDFN
VXUIDFHDUHD*I-$LQWKHSRVW-SHDNVWDJHVWUDLQ-VRIWHQLQJ>@UHVSHFWLYHO\7KH*I-$RIWKHFHPHQWLWLRXV
PDWHULDOVFDQEHLQFUHDVHGVLJQLILFDQWO\E\DOLJQLQJWKHVWHHOILEUHVDVVKRZQLQ7DEOHWKHLQWHJUDOUDQJH
IRU*I-$ZDVIURPH8WXWR$OVRQRWHLQ)LJWKDWWKHUHZDVQRREYLRXVKDUGHQLQJEUDQFKLQWKHFXUYHVRI
WKH6)5&VSHFLPHQVWKHJI-9RIWKH6)5&FRXOGQRWEHFDOFXODWHG&RPSDUHGZLWKWKH6)5&VSHFLPHQVWKH
*I-$RIWKH$6)5&VSHFLPHQVVf DQGZF LQFUHDVHGE\ZKLFKLVDSSUR[LPDWHO\HTXDO
WRWKHLQFUHDVHLQPDJQLWXGHRII8WX2EYLRXVO\ZLWKWKHLQFUHDVHLQPDWUL[VWUHQJWKWKHDVFHQGLQJ
DPSOLWXGHRI*I-$IRUWKH$6)5&VSHFLPHQVLVKLJKHUWKDQWKDWRIWKH6)5&VSHFLPHQVWKLVFDQEHVHHQLQ
)LJXUH  ,Q WKLV VWXG\ ZKHUH WKH PDWUL[ RI WKH 6)5& DQG $6)5& VSHFLPHQV LV ZLWKRXW DJJUHJDWHV WKH
SURSHUWLHV RI WKH LQWHUIDFH EHWZHHQ WKH ILEUH DQG WKH PDWUL[ ZDV VLJQLILFDQWO\ DIIHFWHG E\ WKH ZF 7ZR
ZF-UDWLRVZHUHLQYHVWLJDWHGDQGDQGWKHPDWUL[ZLWKWKHORZHUZFKDGDKLJKHUPDWUL[VWUHQJWKD
VWURQJHUERQGEHWZHHQILEUHVDQGPDWUL[DQGVWURQJHUHQHUJ\GLVVLSDWLRQGXULQJSXOORXWRIWKHILEUHVLQWKH
VRIWHQLQJVWDJH-WKHLPSURYHPHQWLQ*I-$DWWKHORZZFRILVVLJQLILFDQWO\KLJKHUWKDQWKDWRIWKHPDWUL[
ZLWKDZFRI 
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4.2.2.0XOWLSOHFUDFNLQJEHKDYLRURI$6)5&DVGHWHUPLQHGE\WKH',&PHWKRG 
7KH VWUDLQ ILHOGVRI$6)5&VSHFLPHQV DWGLIIHUHQWPRPHQWVGXULQJ WHVWLQJ DUHSUHVHQWHG LQ)LJXUH
Pmax represents the peak load³Ĺ´represents loading [i.e., ascending branch of stress-strain curve] and ³Ļ´
FRUUHVSRQGVWRPHDVXUHPHQWVRIWKHGHVFHQGLQJEUDQFK)RU6)5&VSHFLPHQVthe results can be seen in Fig. 
S4 LQ WKH 6XSSOHPHQWDU\ 0DWHULDO a single micro-crack gradually evolved into a macro-crack with an 
increase in the tensile load. After Pmax was surpassed, due to the debonding and pull-out of the fibres, the 
rapid macro-crack propagation led to the complete failure of the specimens. In comparison with the ASFRC 
specimens, the whole process of single crack development is faster in SFRC specimens, and the tensile strain 
of the specimen is smaller.$VVKRZQLQ)LJXUHWKHILUVWPLFUR-FUDFNDSSHDUVEHWZHHQWR of Pmax 
IRU$6)5&VSHFLPHQVZLWKZF DQG9I Then, multiple cracks are formed in the matrix as the 
load was increased to about  of Pmax (during the hardening stage). In the softening stage, with the 
development of the macro cracks, the specimen gradually loses its bearing capacity. The multiple cracking 
behavior for the ASFRC specimens with a lower fibre content was not observed during tension. 
The orientation number of the steel fibres in the ASFRC specimens (ZF 9I=2.0 is around 0.90, 
as determined by the X-CT images analysis. Obviously, WKHQXPEHURIILEUHVZLWKLQWKHFUDFNHGVHFWLRQDW
FRPSOHWH IDLOXUHRI WKH$6)5&VSHFLPHQV 1I-$ LV KLJKHU WKDQ WKDW IRU WKH6)5&VSHFLPHQV 1I-5 GXH WR
KLJKHUILEUHRULHQWDWLRQQXPEHUWKHDYHUDJH1I-5LVIRUWKH6)5&VSHFLPHQVWKHDYHUDJH1I-$LVIRU
WKH $6)5& VSHFLPHQV >9I =2.0@ ZKLFK LV D 23.6% increase) 7KLV ZLOO OHDG WR KLJKHU DQG DGGLWLRQDO
VWUHVVHV EHLQJ WUDQVIHUUHG WR WKH VXUURXQGLQJ PDWUL[ ,I WKH DGGLWLRQDO WHQVLOH VWUHVVHV WUDQVIHUUHG WR WKH
VXUURXQGLQJPDWUL[H[FHHGWKHFUDFNLQJVWUHQJWKRIWKHPDWUL[ then further multiple cracks are formed.$V
PRUH FUDFNV DUH JHQHUDWHG WKH UHVLVWDQFH RI WKH VWHHO ILEUHV EULGJLQJ WKHVH FUDFNV FRQWULEXWHV WR WKH
SRVW-FUDFNLQJ WRXJKQHVV RI WKH $6)5& FRPSRVLWHV ZKLFK IDU H[FHHGV WKH WHQVLOH FDSDFLW\ IRXQG LQ
FRPSRVLWHVIDLOLQJZLWKWKHRSHQLQJRIRQO\DVLQJOHFUDFN+HQFHWKHH8WXRI$6)5&LVVLJQLILFDQWO\KLJKHU
WKDQWKDWRI6)5&,W LVZRUWKPHQWLRQLQJWKDWWKHmicro-cracks were only revealed by the DIC equipment 
(they could not be identified from a visual inspection) 
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7KHIRUPDWLRQRIPXOWLSOHFUDFNVRI6)5&VSHFLPHQVZDVRIWHQDFFRPSDQLHGE\VWUDLQ-KDUGHQLQJLH
JRRG GXFWLOLW\ SHUIRUPDQFH HVSHFLDOO\ IRU 8+3)5& PDWHULDO ZKHUH WKH XQLD[LDO WHQVLOH WHVW UHVXOWV RI
8+3)5& ZLWK  K\EULG ILEUHV  PDFUR-ILEUHV DQG  PLFUR-ILEUHV DOVR SURGXFHG PXOWLSOH
FUDFNLQJ >@7KH PXOWLSOH FUDFNLQJ DOVR ZDV REVHUYHG GXULQJ WKH H[HFXWLRQ RI XQLD[LDO WHQVLOH WHVW ZLWK
KLJK-SHUIRUPDQFH ILEUHUHLQIRUFHGFHPHQWLWLRXVFRPSRVLWHV +3)5&&ZLWK Torex fibres [36]. Similar 
results can be found in the uniaxial tensile tests for SFRC with largeKRRNHG-HQGILEUH contents (9I 
>@ DQG for 8+3)5& ZLWK RYHU  RI ILEUHV >   @ *HQHUDOO\ WKHVH VSHFLPHQV ZLWK PXOWLSOH
FUDFNVDOVRVKRZVXSHULRUWHQVLOHEHKDYLRUDQGpost-cracking ductility >@&RPSDUHGZLWK6)5&PXOWLSOH
FUDFNV FDQ EH IRUPHG LQ $6)5& DW D ORZHU ILEUH FRQWHQW DQG WKH SRVW-FUDFNLQJ WRXJKQHVV DQG WHQVLOH
EHKDYLRUDUHVLJQLILFDQWO\LPSURYHG 
 
L3PD[Ĺ  LL3PD[Ĺ  LLL3PD[Ĺ  LY3PD[Ĺ    Y3PD[ 
 
YL3PD[Ļ  YLL3PD[ĻYLLL3PD[Ļ  L[3PD[Ļ  [3PD[Ļ 
)LJ6WUDLQILHOGRI$6)5&VSHFLPHQZF 9I DWGLIIHUHQWPRPHQWVRIORDGLQJXQGHUXQLD[LDOWHQVLRQ 
4.3. 'LVFXVVLRQ 
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5HVXOWV RI $6)5& XQLD[LDO WHQVLOH WHVWV ZLWK ZF  DQG 9I   DUH VKRZQ LQ )LJ  $6)5&
VSHFLPHQVZLWK9I DQGHQHUJ\GLVVLSDWLRQ*I-$ZLWKGLIIHUHQW9IDOVRFDQEHVHHQLQ)LJXUH6
DQG )LJXUH 6 LQ WKH 6XSSOHPHQWDU\ 0DWHULDO UHVSHFWLYHO\ )URP )LJXUH 6D LQ WKH 6XSSOHPHQWDU\
0DWHULDOLWFDQEHVHHQWKDWHYHQZKHQWKHILEUHVDUHDOLJQHGLIWKHILEUHFRQWHQWLVORZ9I WKHUHZLOO
EHLQVXIILFLHQWILEUHVLQWKHFURVV-VHFWLRQRIWKHFUDFNVWRLQIOXHQFHWKHWRXJKQHVVRIWKH$6)5&VSHFLPHQ$V
9I LQFUHDVHV VWUDLQ-KDUGHQLQJ EHFRPHV PRUH VLJQLILFDQW +RZHYHU WKHUH LV QR VLPLODU VWUDLQ-KDUGHQLQJ
EUDQFKLQWKHFXUYHIRUWKH6)5&VSHFLPHQVZF ZLWK9I VHH)LJZKLFKLVIXUWKHUHYLGHQFH
WKDWWKHSRVW-FUDFNLQJWHQVLOHEHKDYLRUDQGWRXJKQHVVFDQEHVLJQLILFDQWO\HQKDQFHGE\WKHDOLJQPHQWRIWKH
VWHHOILEUHVHVSHFLDOO\IRUVSHFLPHQVDWDUHODWLYHO\KLJKILEUHFRQWHQW  
From the WHVWV UHVXOWV RI WKH $6)5& VSHFLPHQV ZF  ZLWK GLIIHUHQW 9I DQG WKRVH RI WKH 6)5&
VSHFLPHQVZF ZLWK9I DVVKRZQLQ)LJ6DQG)LJLWFDQEHVHHQWKDWWKHXQLD[LDOWHQVLOH
VWUHQJWKRIWKH$6)5&VSHFLPHQVZLWK9I LV03DWKLVLVVOLJKWO\KLJKHUWKDQWKHI8WXRIWKH6)5&
VSHFLPHQV ZF  ZLWK 9I    03D $FFRUGLQJO\ 6)5& VSHFLPHQV ZLWK 9I   FDQ EH
UHSODFHG E\ $6)5& VSHFLPHQV ZLWK 9I   at least  VDYLQJ LQ VWHHO ILEUHV LV SRVVLEOH LI RQO\
FRQVLGHULQJ WKHRULHQWDWLRQRI WKHDOLJQHG ILEUHV0RUHRYHU WKHHQHUJ\GLVVLSDWLRQFDSDFLW\RI WKH$6)5&
VSHFLPHQV IDUH[FHHGV WKDWRI WKH6)5&VSHFLPHQV VHH)LJZKLFK is a significant practical benefit ,W
VKRXOGEHQRWHGWKDWWKHSHUIRUPDQFHRI$6)5&LQRWKHUGLUHFWLRQVLVOHVVWKDQWKDWRI6)5& 
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ZF 9I DQG
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$6)5&VSHFLPHQVZF 9I  
5. &RQFOXVLRQV  
7KH $6)5& VSHFLPHQV ZHUH SUHSDUHG XVLQJ D XQLIRUP PDJQHWLF ILHOG IRUPHG IURP HQHUJL]HG FRLOV
GXULQJFDVWLQJDQGWKHHIIHFWRQWKHDOLJQPHQWRIVWHHOILEUHVZDVH[DPLQHGXVLQJDQ;-UD\&7V\VWHP7KH
LQIOXHQFH RI ILEUH RULHQWDWLRQ RQ WKH VWUDLQ-KDUGHQLQJ DQG IUDFWXUH SURSHUWLHV RI 6)5& VSHFLPHQV ZHUH
LQYHVWLJDWHG 7KH SURFHVV RI PXOWLSOH FUDFN SURSDJDWLRQ LQ WKH $6)5& VSHFLPHQV VXEMHFWHG WR XQLD[LDO
WHQVLRQZDVDVVHVVHGXVLQJWKH',&PHWKRG%DVHGRQWKHDQDO\VLVRIWKHWHVWUHVXOWVWKHPDLQFRQFOXVLRQVRI
WKLVVWXG\DUHDVIROORZV   
(1) &RPSDUHG ZLWK 6)5& $6)5& SHUIRUPV EHWWHU LQ WHUPV RI XQLD[LDO WHQVLOH VWUHQJWK I8WX
SRVW-FUDFNLQJ WRXJKQHVVDQGHQHUJ\GLVVLSDWLRQ*I-$:LWKDQLQFUHDVHLQ WKHPDWUL[VWUHQJWKDQG
ILEUH FRQWHQW WKLV LPSURYHPHQW EHFRPHV PRUH REYLRXV Based on these results, WKH DOLJQPHQW RI
VWHHO ILEUHVXVLQJD PDJQHWLF ILHOG WHFKQRORJ\DSSHDUV WREH DQHIIHFWLYHPHWKRG WRSURGXFHKLJK
SHUIRUPDQFHFHPHQWLWLRXVFRPSRVLWHPDWHULDOV 
(2) 7KHXQLD[LDOWHQVLOHEHKDYLRURI$6)5&VSHFLPHQVZF ZLWK9I LVHTXLYDOHQWWRWKDW
RI6)5&VSHFLPHQVZF ZLWK9I WKLVUHVXOWVLQDWOHDVWVDYLQJLQILEUHFRQWHQWLI
RQO\ FRQVLGHULQJ WKH RULHQWDWLRQ RI DOLJQHG ILEUH 0RUHRYHU WKH $6)5& VSHFLPHQV H[KLELW
VWUDLQ-KDUGHQLQJDIWHUILUVWFUDFNIRUPDWLRQGXULQJWKHXQLD[LDOWHQVLRQWHVWVIRU9I!DQGDQ
VLJQLILFDQW LPSURYHPHQW LQ WKH SRVW-SHDN GXFWLOH EHKDYLRU LV REWDLQHG DJDLQ WKLV LPSURYHPHQW
LQFUHDVHVZLWKDQLQFUHDVHLQILEUHFRQWHQW 
(3) &RPSDUHGZLWKRUGLQDU\6)5&ZLWKGLVSHUVHGILEUHVWKHPXOWLSOHFUDFNVIRU$6)5&ZF FDQ
EHIRUPHGDWDORZILEUHFRQWHQW9I GXHWRWKHDOLJQPHQWRIILEUHVSHUSHQGLFXODUWRWKHFUDFN
VXUIDFHWKHSRVW-FUDFNLQJWRXJKQHVVDQGWHQVLOHEHKDYLRULVVLJQLILFDQWO\LPSURYHGIRUFHPHQWLWLRXV
PDWHULDOV 7KH LQLWLDO FUDFNLQJ ORDG RI WKH $6)5& VSHFLPHQV XQGHU WHQVLRQ LV DURXQG  Pmax; 
PXOWLSOHFUDFNLQJWDNHVSODFHLQWKHPDWUL[XSuntil the tensile load of around  Pmax 
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